Although the ␤-catenin WRM-1 is required for POP-1 regulate postembryonic cell fate decisions through the nuclear asymmetry, the ␤-catenin-interacting domain of POP-1 is dispensable for both its nuclear asymmetry and function in early embryos, making it unlikely that
direct binding between POP-1 and WRM-1 regulates POP-1 subcellular localization (Maduro et al., 2002).
We show in this manuscript that asymmetric nuclear POP-1 levels between A-P sisters require a conserved 14-3-3 protein encoded by the par-5 gene as well as the exportin CRM-1. We demonstrate a physical interaction between POP-1 and PAR-5 that requires both LIT-1 and WRM-1. We identify five potential phosphorylation sites important for POP-1 nuclear asymmetry and show that at least two of these sites are phosphorylated in vivo. In addition, we show that the LIT-1/WRM-1 complex promotes POP-1/PAR-5 interaction and POP-1 nuclear export via phosphorylation of at least a subset of these sites in POP-1. Finally, we show that the nuclear levels of LIT-1 kinase are also asymmetric between A-P sisters in early embryos in a pattern reciprocal to that of POP-1. This LIT-1 asymmetry is regulated by upstream components of the Wnt/MAPK pathway. These results together support the model that Wnt/ MAPK signaling results in a high nuclear level of LIT-1 kinase in the signal-responsive cells, leading to POP-1 hyperphosphorylation, POP-1/PAR-5 interaction, and subsequent POP-1 nuclear export. and the phosphorylation regulates the interaction beshowed a clear difference in nuclear POP-1 between tween these partners and 14-3-3 proteins. Therefore, we adjacent nuclei (Figures 1I-1K) . From these results, we asked whether interaction between POP-1 and PAR-5 is conclude that PAR-5 is likely to regulate POP-1 nuclear affected by the phosphorylation state of POP-1. POP-1 is asymmetry independent of its function in the one-cell highly phosphorylated in wild-type embryo extracts, stage embryo.
Results

GFP::POP-1 Nuclear Asymmetry Requires PAR-5, a 14-3-3 Protein
as indicated by a reduction of its electrophoretic mobility and a disappearance of these slow-migrating bands upon phosphatase treatment ( Figure 2C We also assayed the function of each mutated GFP::POP-1 in vivo. In pop-1(zu189) embryos, the endoderm fate is low and equal levels of nuclear POP-1 between A-P sisters ( Figure 4A and data not shown) . not repressed in the MS blastomere, resulting in both MS and E producing endoderm. The transgenes bearing There are a total of four serines (S 107 , S 109 , S 118 , and S 127 ) and one threonine (T 120 ) within the aa 88-130 region (Figure different mutation combinations were introduced into pop-1(zu189) embryos, and their ability to rescue the 4A). To test whether phosphorylation within this region is important for POP-1 nuclear asymmetry, we changed one MS defect, that is, repression of MS-derived endoderm, was assayed. All transgenes containing point mutaor more of these serine/threonine residues to alanine (A) and examined the effect of each mutation on GFP::POP-1 tion(s) examined, including the penta alanine mutation, rescued the MS blastomere defect comparable to a wildnuclear asymmetry in vivo ( Figure 4A ). We detected a complete loss of GFP nuclear asymmetry and hence a type gfp::pop-1 transgene ( Figure 4A ). In rescued embryos, the MS-derived posterior pharynx, characterized high level of nuclear GFP in both sisters when all five sites were mutated (100%, n Ͼ 80; Figure 4 crm-1(RNAi);TX300 Embryos Fail to Produce Endoderm A similar defect in endoderm formation was also observed in crm-1(RNAi);TX300 embryos (Figures 3I-3L and data not shown). Every RNAi embryo examined produced no intestinal granules (n Ͼ 300) and had an accelerated division rate of E daughters (n ϭ 4). This endoderm repression is dependent on the P med-1 gfp::pop-1 transgene, because 100% of crm-1(RNAi) embryos produced gut granules ( Figures 3M-3P ). Immunofluorescence using the POP-1 antibody confirmed that the nuclear asymmetry of endogenous POP-1 protein is variably affected in crm-1(RNAi) embryos similar to GFP::POP-1 in crm-1(RNAi);TX300 embryos. This result strongly suggests that a high level of POP-1 in the E nucleus (rather than an equal level of POP-1 in the nuclei of MS and E) is important for endoderm repression. Consistent with this, we observed a more severe endoderm repression in transgenic animals expressing higher levels of GFP::POP-1 AAAAA (data not shown). embryos, and phosphorylation of these two sites requires the LIT-1 kinase activity and the ␤-catenin WRM-1. endoderm fate in embryos expressing GFP::POP-1 AAAAA , together with a high level of nuclear POP-1 in the E POP-1 transgenes carrying mutations that abolish nuclear asymmetry also ablate endoderm, resulting in blastomere, demonstrates that mutations of these potential phosphorylation sites affect specifically POP-1 dead embryos. We had difficulty obtaining sufficient transgenic embryos to perform biochemical analyses. nuclear export but not its repressor function.
Some wild-type embryos expressing GFP::POP-1 AAAAA Therefore, we tested whether S 118 and S 127 and their phosphorylation were important for POP-1/PAR-5 inter-(23%, n ϭ 22) produce an excess of pharyngeal tissue ( Figures 5G-5J) , suggesting an E to MS fate transformaaction using transfected mammalian tissue culture cells, COS-7. We detected phosphorylation at S 118 and S 127 tion. In wild-type embryos, two of the earliest observable differences between the MS and E blastomeres, in addionly when POP-1 was cotransfected into COS-7 cells We then tested whether phosphorylation of POP-1 at S 118 and S 127 was required for POP-1/PAR-5 interaction. We detected a strong interaction between POP-1 and PAR-5 in a pull-down experiment only when POP-1 was isolated from cells cotransfected with LIT-1 and WRM-1 and was phosphorylated at S 118 and S 127 ( Figure 2E) . Clearly, no PAR-5 was pulled down with POP-1 AAAAA (Figure 2E) , demonstrating that the LIT-1/WRM-1 complex stimulates POP-1/PAR-5 interaction in vitro via phos- 
Is POP-1 Quantitatively and Qualitatively Different between Anterior and Posterior Nuclei?
The difference in the levels of nuclear POP-1 between A-P sisters, assayed either by antibody staining or by GFP fluorescence, appears no more than perhaps five folds. It is intriguing, then, how such a small difference in 14-3-3 proteins are highly conserved among eukaryotes. Therefore, it is an intriguing possibility that LIT-1 homo-
Antibody Production and Biochemical Analyses
logs and 14-3-3 proteins may also regulate nuclear exAnti-S 118 -P and anti-S 127 -P antibodies were generated by immunizing rabbits with peptides phosphorylated at respective residues. The port of TCF/LEF in other organisms.
